The Toll/interleukin-1 receptor (TIR) domain occurs in animal and plant immune receptors. In the animal Toll-like receptors, homodimerization of the intracellular TIR domain is required for initiation of signaling cascades leading to innate immunity. By contrast, the role of the TIR domain in cytoplasmic nucleotide-binding/leucine-rich repeat (NB-LRR) plant immune resistance proteins is poorly understood. L6 is a TIR-NB-LRR resistance protein from flax (Linum usitatissimum) that confers resistance to the flax rust phytopathogenic fungus (Melampsora lini). We determine the crystal structure of the L6 TIR domain and show that, although dispensable for pathogenic effector protein recognition, the TIR domain alone is both necessary and sufficient for L6 immune signaling. We demonstrate that the L6 TIR domain self-associates, most likely forming a homodimer. Analysis of the structure combined with site-directed mutagenesis suggests that selfassociation is a requirement for immune signaling and reveals distinct surface regions involved in selfassociation, signaling, and autoregulation.
The Toll/interleukin-1 receptor (TIR) domain occurs in animal and plant immune receptors. In the animal Toll-like receptors, homodimerization of the intracellular TIR domain is required for initiation of signaling cascades leading to innate immunity. By contrast, the role of the TIR domain in cytoplasmic nucleotide-binding/leucine-rich repeat (NB-LRR) plant immune resistance proteins is poorly understood. L6 is a TIR-NB-LRR resistance protein from flax (Linum usitatissimum) that confers resistance to the flax rust phytopathogenic fungus (Melampsora lini). We determine the crystal structure of the L6 TIR domain and show that, although dispensable for pathogenic effector protein recognition, the TIR domain alone is both necessary and sufficient for L6 immune signaling. We demonstrate that the L6 TIR domain self-associates, most likely forming a homodimer. Analysis of the structure combined with site-directed mutagenesis suggests that selfassociation is a requirement for immune signaling and reveals distinct surface regions involved in selfassociation, signaling, and autoregulation.
INTRODUCTION
The Toll/interleukin-1 receptor (TIR) domain occurs in both animal and plant immune receptors. In animal Toll-like receptors (TLRs), this is an intracellular signaling domain that triggers immunity in response to extracellular perception of pathogenassociated molecular patterns (PAMPs) (Tapping 2009 ). In plants, this domain occurs at the N terminus of a major subclass of cytoplasmic nucleotide-binding leucine-rich repeat (NB-LRR) family resistance receptors (R proteins), which trigger defense responses after perception of pathogen effectors (Chisholm et al., 2006; Jones and Dangl, 2006; Rafiqi et al., 2009; Dodds and Rathjen, 2010) . These responses include localized cell death known as the hypersensitive response (HR). The LRR domain of plant R proteins appears to be the major determinant of recognition specificity (Ellis et al., 1999; Dodds et al., 2001; Shen et al., 2003; Rairdan and Moffett, 2006; Padmanabhan et al., 2009) . The NB domain is shared with mammalian nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), which also function as regulators of innate immune responses and apoptosis (Inohara et al., 2005) . This domain is often referred to as the NB-ARC region (nucleotide-binding adaptor shared by APAF-1, resistance proteins and CED-4; ( Van der Biezen and Jones, 1998) . Evidence suggests the NB domain can bind and hydrolyse nucleotides, and the presence of bound ATP or ADP may determine whether the R protein is in an active or inactive signaling state (Lukasik and Takken, 2009) .
In animal TLRs, PAMP perception by the extracellular LRR region induces homodimerization of the cytoplasmic TIR domain. This provides a new scaffold that binds to adaptor proteins to initiate downstream signaling (Tapping, 2009) . However, in plant R proteins, the mechanism by which effector recognition is linked to the activation of defense signaling is poorly understood. Some evidence suggests that the TIR domain mediates R protein signaling. Overexpression of the TIR region plus 40-80 additional residues from different TIR-NB-LRR proteins, from Arabidopsis, tobacco, and flax, triggers an effector-independent cell death response in planta (Frost et al., 2004; Weaver et al., 2006; Swiderski et al., 2009; Krasileva et al., 2010) . However, the specific roles of the TIR domain and the additional amino acid sequences required for this function are not clear.
In flax (Linum usitatissimum), the polymorphic L locus encodes TIR-NB-LRR proteins that recognize effector proteins from the flax rust fungus (Melampsora lini) (Ellis et al., 1999; Dodds et al., 2004) . For instance, the L5 and L6 proteins interact directly with variants of the AvrL567 effector and trigger resistance to rust strains expressing these effectors (Dodds et al., 2006; Wang et al., 2007) . Frost et al. (2004) observed that overexpression of a 248 amino acid N-terminal fragment of L10, containing the predicted TIR region plus an additional 39 amino acids, resulted in an autoactive phenotype including constitutive defense gene expression and cell death induction in tobacco.
In this study, we used the L6 protein as a model to characterize plant TIR domain signaling activity and mode of action. Mutational analysis showed that the TIR domain is dispensable for AvrL567 recognition but is required for induction of defense responses. Expression of truncated fragments defined the minimum functional region required for defense signaling, and crystal structure determination confirmed that this corresponded to the TIR domain alone and redefined the boundaries of this domain. Three different approaches showed that the L6 TIR domain self-associates, and structural and mutational analysis led us to identify distinct surface regions involved in self-association, signaling, and activity regulation.
RESULTS

L6 TIR Domain Mutations Affect Signaling but Not Effector Recognition
We generated five independent mutations in the TIR region of L6 at positions that are either highly conserved in other plant TIR domains or were shown to be critical for function of the tobacco resistance protein N (Mestre and Baulcombe 2006) . L6 TIR domain mutants were tested for their ability to trigger an effector-dependent cell death in planta ( Figure 1A ). Agrobacterium-mediated transient expression of L6 induces a strong necrotic reaction in transgenic tobacco expressing the corresponding effector protein AvrL567. Four of the TIR domain mutants prevented this cell death reaction, while the fifth (D159A) significantly compromised cell death induction but retained some signaling activity. We also tested the ability of these mutant L6 proteins to interact with AvrL567 in a yeast two-hybrid assay ( Figure 1B) . Four of the mutants retained the interaction with AvrL567, similar to the wild-type protein, while one (Y156A) disrupted this interaction, possibly as a result of altering the overall protein conformation. A deletion mutant lacking the entire TIR domain (L6 D233) also did not affect L6/ AvrL567 recognition ( Figure 1B) . Thus the L6 TIR domain is not required for interaction with AvrL567 but acts downstream of this effector-recognition event in resistance signaling.
In tobacco, overexpression of a 248 amino acid N-terminal fragment of L10 triggers effector-independent cell death (Frost et al., 2004) . Transient expression of this L10 fragment, and equivalent regions of L6, L2, and L7, also induced spontaneous cell death in flax leaves (see Figure S1A available online), as did the L6 1-248 fragment fused to the yellow fluorescent protein (YFP) ( Figure 1C ). However, incorporation of the R73A, S129A, Y156A, or P160Y mutations abolished L6 1-248 -YFP autoactivity, while the D159A mutation caused a partial reduction of cell death induction ( Figure 1C ). Immunoblot analysis showed that all constructs were stably expressed in planta and in yeast ( Figures S1B-S1D ). The correspondence between the phenotypes of these mutations in full-length L6 and in L6 1-248 suggests that L6 1-248 autoactivity represents a genuine signaling event, with similar functional requirements as in effector-triggered signaling.
Defining the Functional Boundaries of the Plant Resistance Protein TIR Domain
The C-terminal boundary of R protein TIR domains was previously defined to occur at the site of the first intron, based on alignments with animal TIR domain sequences (Whitham et al., 1994) . However, we observed that a conserved set of hydrophobic residues in the first 16 amino acids translated from exon 2 aligned with a similar set of residues that form part of the amphipathic a helix E (aE) of the animal TIR domains (Figure 2A) . This is consistent with the recently determined crystal structure of NP_177436/At1g72930 (AtTIR) (Chan et al., 2010) , an Arabidopsis protein of unknown function comprised of only a TIR domain, as well as with the L6 TIR domain crystal structure described below. To determine the minimum functional region of L6 required for autoactivity, we tested a series of N-terminal fragments fused to YFP for cell death induction in flax (Figure 2B ). The smallest fragment that induced cell death was L6 1-233 , which is consistent with the redefined TIR domain sequence boundaries. However, immunoblot analysis (Figure 2C) showed that L6 1-220 accumulated at lower levels than the autoactive constructs, while L6 1-209 was not detected, possibly because truncation of the aE helix (see Figure 2A ) affects protein folding and stability.
Crystal Structure of the L6 TIR Domain Several protein fragments including the L6 TIR domain were expressed, purified, and subjected to crystallization trials and one fragment (residues 29-229, designated as L6TIR) yielded plate-like crystals that diffracted to 2.3 Å resolution (Ve et al., 2011) . The structure was solved by molecular replacement with the AtTIR structure as template (Chan et al., 2010) and was refined to final R work /R free values of 17.4%/23.0% (Table S1 ). The protein crystals have the symmetry of the space-group P2 1 2 1 2 and contain two monomers per asymmetric unit. The final model contains residues 59-228, because no electron density was observed for residues 29-58, suggesting that this region has a disordered or flexible conformation in the crystal. Each of the molecules ( Figure 2D ) consists of a five-stranded parallel b sheet (bA-bE) surrounded by five a-helical regions (aA-aE). The global fold is similar to the structures of AtTIR; the TIR domains of TLR1, TLR2, TLR10, MyD88, and IL-1RAPL; and the TIR-like protein from the bacterium Paracoccus denitrificans (PdTIR) (Xu et were aligned with the sequences of the TIR domains with known 3D structures: AtTIR (PDB ID 3JRN), PdTIR (3H16), MyD88 (2Z5V), IL-1RAPL (1T3G), TLR1 (1FYV), TLR2 (1FYW), and TLR10 (2J67) using MUSCLE (Edgar 2004) . The positions of the secondary structure elements in L6 and TLR2 are shown at the top and bottom, respectively. The alignment was formatted using ESPript (Gouet et al., 2003) . Strictly conserved residues are indicated in white letters with a red box and similar residues are indicated in red letters with a red frame, while mutated residues are indicated in bold blue letters. The intron site is indicated by an arrow head. (D) Crystal structure of L6TIR. Ribbon drawing of one of the two molecules in the asymmetric unit. The secondary structure elements and loops are named according to the nomenclature used for TLR1 TIR domain (Xu et al., 2000) and AtTIR (Chan et al., 2010). 2008; Chan et al., 2009; Ohnishi et al., 2009; Chan et al., 2010) . L6TIR exhibits highest structural similarity to AtTIR (40% sequence identity) with an overall Ca rmsd value of 1.3 Å (Figure S2A ). However, the L6TIR structure includes the BB loop region and the aB helix, which were absent from the AtTIR structure model, because no electron density was observed for this region ( Figure S2B ). The L6 TIR domain also has a b bulge in the bD strand due to the presence of two adjacent proline residues (P120 and P153) in the b sheet ( Figure 2D ). The mammalian and the bacterial TIR domains share less than 20% sequence identity to L6TIR, with the TLR2 TIR domain the most similar among these (by DALI search [Holm and Rosenstrom 2010] , Z and rmsd value of 10.9 and 3.2 Å , respectively). Similar to AtTIR, a third aD helix is observed in the L6TIR structure when compared to the mammalian and bacterial TIR domains (Figure 2A,  Figure S2C ) and is apparently a unique feature of plant TIR domains. The structural definition of the L6 TIR domain corresponds closely to the minimal autoactive region, indicating that this domain alone is sufficient to induce effector-independent cell death.
L6 TIR Domain Self-Associates
Upon PAMP perception, animal TLR activation leads to homodimerization of the intracellular TIR domain, which initiates down- Figure 3A ). Furthermore, a construct lacking the N-terminal half of L6 TIR domain (L6 114-248 ) also failed to interact with itself. All fusion proteins were stable in yeast ( Figure 3B ). These results indicate that the L6 TIR domain is required and sufficient for both effector-independent cell death signaling and self-association.
We also examined the self-association of the purified L6 TIR protein in solution by gel filtration chromatography coupled to multiangle laser light scattering (MALLS). At an initial protein concentration of 2 mg/ml and in 150 mM NaCl, the elution peak showed a molecular mass of 35.5 kDa ( Figure 3C ), between the expected mass of the dimeric (46.8 kDa) and monomeric (23.4 kDa) states. At a lower concentration (1 mg/ml) L6 TIR elutes slightly later, and the estimated molecular mass is 29.5 kDa ( Figure 3D ). In both cases the elution peak is asymmetric, indicating a polydisperse population of molecules. Furthermore, the molecular mass distribution is lower on each side of the peak maximum where the local protein concentration is lower. These data suggest that monomeric and oligomeric species are not partitioned on the size exclusion column and are in a rapid reversible equilibrium under these conditions. The maximum peak concentrations in the two experiments were 11.0 and 4.9 mM, respectively, indicating that the dissociation constant for oligomerization is in the micromolar range. Reducing the ionic strength by removal of NaCl from the mobile phase resulted in a faster elution time and a molecular mass of 49.5 kDa, close to the expected dimer mass ( Figure 3E ), while higher ionic strength (500 mM NaCl) resulted in slower elution, a more symmetric elution peak, and a molecular mass of 25.7 kDa, close to the expected monomer size ( Figure 3F ). The dependence of oligomerization on ionic strength suggests that self-association is predominantly governed by electrostatic interactions. L6TIR self-association was also analyzed by sedimentation equilibrium analytical ultracentrifugation (AUC), the data from which fit best with a monomer-dimer equilibrium model with an estimated K d of 20.3 mM ( Figure S3 ).
Identification of TIR/TIR Interfaces in the Crystal Structure
Two different TIR/TIR domain interfaces are observed in the crystal ( Figure 4A ). The two chains in the asymmetric unit form a two-fold symmetrical dimer with a buried surface area of approximately 890 Å 2 (interface 1). Both of these chains also interact with an additional TIR domain on the opposite side of the molecule with two-fold symmetry and a buried surface area of 780 Å 2 (interface 2).
An extensive network of 15 hydrogen bonds and electrostatic interactions are observed in interface 1, involving residues from the aD 1 , aD 3 , and aE helices; the bE strand; and the DE and EE loops ( Figure 4B ). At the core of the interface, the bE strands are connected by hydrogen bonds between the two G201 residues. The carbon chains of the K200 residues are in close proximity to each other and also stack against the side chain of W202 from the second molecule, creating a hydrophobic sandwich with the two lysine side chains in the middle. W202 also forms a hydrogen bond with the main-chain carbonyl of D198. On either side of the interface, electrostatic interactions are observed between D198 at the end of the aD 3 helix and K216 in the aE helix, and between R164 in the aD 1 helix and D208 in the EE loop. R164 also forms two hydrogen bonds with the carbonyl oxygen of H203 in the bE strand, while D208 forms a hydrogen bond with S161 in the aD1 helix.
Interface 2 has a hydrophobic core consisting of I104, L108, L109, and W131 from both molecules ( Figure 4B ), stabilized on both sides by hydrophobic contacts between F181 and L98, and hydrogen bonds between the side chains of K100 and T185, and between the side chain of K130 and the main-chain carbonyl oxygens of E97 and L99.
Mutational Analysis of L6 TIR Self-Association and Signaling The dependence of L6 TIR self-association on ionic strength suggests that it depends largely on electrostatic interactions, which is more consistent with interface 1 representing the selfassociation interface. To test this directly, we analyzed the effects of amino acid substitutions in both putative interfaces on L6 TIR domain self-association and autoactivity (Table 1, Figure S4) . Out of eight sites mutated in interface 1, mutations of residues R164, K200, G201, W202, D208, and K216 disrupted self-association in yeast. Most of these residues occupy a central location in interface 1, and R164, W202, and D208 are predicted as binding hot spots by the KFC and HotPoint web servers (Darnell et al., 2008; Tuncbag et al., 2010) . K216 however is more peripheral to the interface, and while a glutamate substitution at this position disrupted self-association, alanine substitution did not. Likewise, alanine substitution of residues S161 and D198, which are also involved in hydrogen bonds on the periphery of interface 1, did not affect self-association (Table 1) . The P160Y and Y156A mutations also disrupted both autoactivity and self-association (Table 1, Figure 1C ).These residues are not directly involved in interactions between molecules, but are important for maintaining the DD loop, the aD 1 helix, and the surrounding surface in the correct conformation. None of the mutations introduced in residues involved in interface 2 affected self-association, suggesting that this interface does not represent a true interaction. However, mutations of several conserved residues in the BB loop and aC helix completely disrupt the autoactive phenotype in flax ( Figure S4A ), suggesting that this region may be important for signaling downstream of the selfassociation event.
MALLS and AUC studies conducted on the P160Y, R164A, K200E, D208A, and K216E mutants (Table S2 and Figures S4E  and S4F ) showed that these interface 1 mutants had reduced average molecular mass at the gel filtration peak and significantly higher monomer-dimer dissociation constants than the wild-type. By contrast, the W131A mutation in interface 2 had no effect on average molecular mass and only a slight increase in the monomer-dimer dissociation constant. With the exception of K216E, all of the mutations that disrupted self-association also compromised autoactivity in flax (Table 1 and Figure S4 ), suggesting that self-association is critical for signaling activity. The K216E mutation had a smaller effect on the dimer binding affinity measured by AUC than other mutations in this region (Table S2) , so it is possible that the binding affinity is reduced just below the threshold required for yeast two-hybrid detection, but remains sufficient to induce cell death. Interestingly, the L10 TIR domain, which contains a glutamate at this position, did not self-associate in the Y2H assay, but an E216K mutation allowed detection of this interaction ( Figure S5A ). However, this substitution also reduced the cell death induced by the L10 TIR domain (Figure S5B ). This residue is located at the periphery of the dimerization interface and remains largely solvent exposed even in the dimer. Thus it is possible that it has an additional role in affecting the interaction with a signaling partner, and that glutamic acid at this position is more favorable to this signaling interaction than lysine.
Mapping of sequence conservation among plant TIR domains onto the structure of L6TIR using ConSurf (Ashkenazy et al., 2010) revealed that P160, S161, R164, and G201 constitute a conserved surface patch in interface 1, while I104, L108, and W131 are part of a relatively conserved patch in interface 2 ( Figures S6A-S6D ). Several other surface-exposed residues are also conserved in this area, including R68, R73, G101, S124, and D135. Homology modeling of the RPS4 and N protein TIR domains based on the L6TIR structure, and mapping of existing mutational data, suggest that these regions may be important for self-association and signaling in other TIR domains as well (Figures S6E-S6J ).
The NB-ARC Domain Inhibits L6 TIR Domain Autoactivity and Self-Association L6 signaling activity normally requires effector recognition, suggesting that other parts of the protein may inhibit TIR domain signaling. We therefore tested autoactivity and self-association of larger L6 N-terminal fragments ( Figure 5A ). Homology modeling of plant NB-ARC domains with the crystal structures of APAF-1 and CED-4 predicts three subdomains (NB, ARC1, and ARC2) that together form a nucleotide-binding pocket (van Ooijen et al., 2008) . In flax leaves, transient expression of L6 fragments containing the TIR domain plus the NB (TIR-NB) or NB and ARC1 (TIR-NB-ARC1) regions induced similar chlorotic responses, weaker than the cell death triggered by the autoactive L6 1-233 fragment. The presence of the ARC2 subdomain significantly reduced chlorosis but still allowed a weak phenotype relative to the completely inactive L6 1-220 truncation or full-length L6. Similarly, in yeast two-hybrid assays, the L6 TIR-NB and L6 TIR-NB-ARC1 fragments showed partial inhibition of self-association, while the presence of the complete NB-ARC domain (L6 TIR-NB-ARC2) completely prevented selfassociation ( Figure 5B ). The larger L6 constructs were less stable than L6 1-233 in planta, but all protein fusions were expressed at similar levels in yeast ( Figure S7 ). Inhibition of TIR domain selfassociation by the NB-ARC domain may contribute to the negative autoregulation of nonactivated L6.
TIR Domain Allelic Variants Identify a Potential Interaction Site with the NB-LRR Region
Twenty-one residues in the TIR domain are polymorphic among the 12 L alleles. The majority of these are located in the adjacent aA and aE helices, and the EE loop region ( Figure 5C ). They cluster to a surface region that is distinct from the TIR/TIR domain interfaces observed in the crystal (Figures 5D and 5E ). The L6 and L7 proteins differ only in the TIR region, and show similar recognition specificity, but with L7 mediating a weaker resistance response (Ellis et al., 1999; Luck et al., 2000) . Seven of the ten amino acid changes between L6 and L7 domain are in the aA and aE helices and EE loop, and lead to significant differences in both hydrophobicity and electrostatic potential ( Figures 5F and 5G ). The L7 TIR domain was just as autoactive and able to dimerize in yeast as the L6 TIR domain ( Figure S1A , Figure 5B ), but the full-length L7 protein showed much weaker interaction with AvrL567 than L6 ( Figure 5H ). This shows that the phenotypic difference is due to a weaker recognition of the effector by L7 and not weaker signaling, even though the TIR domain is not required for recognition. This suggests that the L7 TIR domain interferes with AvrL567 recognition through interaction with other parts of the protein. Indeed, we found that inclusion of the L6 NB and NB-ARC regions inhibited L7 TIR dimerization more strongly than that of L6 TIR ( Figure 5B ). Thus this polymorphic region may be involved in autoregulation through intramolecular interaction with the NB-ARC and/or the LRR domains.
DISCUSSION
Plant disease resistance (R) proteins mediate strong immune responses to pathogens, but their activity is associated with cell death, so tight regulation of their signaling activity is essential. However, the molecular mechanisms involved in the repression of R protein signaling in the native state, and its activation by effector recognition, remain largely unknown. Here we show that the L6 TIR domain is necessary and sufficient for cell death signaling. TIR domain mutations had similar effects on effector-dependent cell-death signaling by the full-length L6 protein and on effector-independent signaling by the TIR domain alone, suggesting that TIR autoactivity represents a genuine signaling event, with similar functional requirements as in effector-triggered signaling. An alternative possibility is that the TIR domain may interact with endogenous TIR-NB-LRR proteins and cause their activation. However, the L6 TIR did not interact with full-length L6 or with other known autoactive TIR domains (from RPS4 and N) in yeast (our unpublished data), suggesting that this explanation is unlikely. Previously, the sequence boundaries of plant TIR domains were predicted to correspond to the exon 1 product of TIR-NB-LRR genes (Whitham et al., 1994) , but autoactive N-terminal fragments of these proteins contained about 40 additional amino acids, and shorter fragments were not autoactive and often not stable (Mestre and Baulcombe, 2006; Weaver et al., 2006; Swiderski et al., 2009; Krasileva et al., 2010) . The L6TIR crystal structure now reveals that this domain extends to amino acid 228 of L6 (exon 1 product plus 20 amino acids), and this corresponds closely to the minimal domain required for autoactivity ( Figure 2B ). Thus the TIR domain alone is sufficient for signaling.
Yeast two-hybrid, MALLS, and AUC analysis showed that the L6 TIR domain is able to self-associate in yeast and in vitro (Figure 3, Figure S3 ). The crystal structure revealed a TIR/TIR domain interface in the crystal asymmetric unit (interface 1), involving residues from the aD1 and aE helices, the bE strand, and the DE and EE loops. Mutation of key residues in this interface, as well as deletion of parts of aE, abolished TIR domain self-association, supporting the role of this interface in this interaction. There was a strong correlation between self-association of L6 TIR domain fragments in yeast and in vitro and their autoactivity in planta ( Table 1 ), suggesting that this is a key event in TIR domain signaling. Some of the mutations that result in loss of function of the RPS4 and N resistance proteins (Dinesh-Kumar et al., 2000; Mestre and Baulcombe, 2006; Swiderski et al., 2009) are also located in the L6 TIR domain dimer interface ( Figures S6H-S6J ), suggesting that this interface and its role in activation may be conserved among other TIR-NB-LRR proteins.
Signaling by animal TLRs is mediated by homodimerization of the TIR domain. Our yeast two-hybrid and MALLS data do not clearly distinguish between dimerization or higher-order oligomerization, although the molecular weight of the complex identified by MALLS at low ionic strength is close to the expected size of the dimer and the sedimentation equilibrium AUC data are most consistent with a monomer-dimer equilibium model. Likewise, the experimentally verified crystal interface involves only two molecules, suggesting that dimer formation is involved in L6 TIR domain self-association. However, it remains possible that higher-order TIR domain complexes form after this initial dimerization event. Whether other autoactive plant TIR domains also self-associate remains an open question. Mestre and Baulcombe (2006) demonstrated that the tobacco N protein oligomerizes in the presence of the tobacco mosaic virus p50 protein and that the N TIR domain self-associates in planta. However, by comparison with the L6 TIR domain structure, the N TIR domain construct lacked the last a helix and furthermore was not autoactive, so the relevance of this result to TIR domain signaling is not clear. Given that the N protein TIR domain and the TMV p50 protein independently associate with the chloroplast NRIP protein (Caplan et al., 2008) , these observations may be related to the formation of TIR-NRIP-p50 recognition complexes rather than specifically related to a signaling event.
Despite many efforts, we could not detect L6 TIR domain oligomerization in planta by coimmunoprecipitation (data not shown). Other attempts to coimmunoprecipitate autoactive plant TIR domains were similarly unsuccessful (Swiderski et al., 2009; Krasileva et al., 2010) . This could be explained by the observation that the L6 TIR domain self-association in vitro is of relatively low affinity and readily reversible (Figure 3) , suggesting that any in vivo oligomer may not persist long enough to be detected by coimmunoprecipitation. The low affinity of selfassociation may be explained by the small size (890 Å 2 ) of the dimerization interface, because more than 1000 Å 2 is normally required to form stable protein-protein interactions (Kobe et al., 2008) . Such transient low-affinity oligomerization may be a key part of the regulation of the R protein function, as it would prevent inappropriate cell death signaling. Mutations in the aC helix and the BB loop do not affect L6 TIR domain self-association, but do interfere with effector-independent cell death induction in planta (Table 1) . Many loss-of-function mutations in RPS4 and N also map to this region ( Figures  S6E-S6G) . In both N and L6, mutation of the conserved and surface-exposed tryptophan in the aC helix to an alanine results in loss of function, while increased autoactivity is observed for the corresponding mutation in RPS4. Mutation of the neighboring cysteine and serine residues also results in loss of activity, suggesting that the aC helix plays an important role in plant TIR domain-dependent signaling. Several of the loss-or gain-offunction mutations in RPS4 are located in the unique aD 3 helical region, indicating that this region also may be important for signaling. Upon ligand-induced activation in animal TLRs, TIR domain dimerization is thought to provide a new scaffold that is able to bind downstream signaling proteins, which in turn initiate downstream cascades leading to immune responses. Thus, the aC helix and the BB loop region of the L6 TIR domain may represent an interacting surface for downstream signaling components.
The NB-ARC domain may negatively regulate L6 TIR domain autoactivity by preventing the dimerization event ( Figure 5 ). Comparison of L6 and L7 TIR domains suggests that a third distinct surface region on this domain, involving the aA and aE helices, is involved in intramolecular interactions with the NB and/or LRR domains, which may be important for autoregulation of the resistance protein. The animal NB-ARC proteins APAF-1 and CED-4 respond to apoptotic stimuli by oligomerizing through their NB-ARC domains (Kim et al., 2005; Yu et al., 2005; Bao and Shi, 2007; Petrilli et al., 2007; Qi et al., 2010; Yuan et al., 2010) , which brings their N-terminal caspase recruitment domains (CARDs) into close proximity to form an active signaling platform. By analogy, it is possible that plant TIR-NBLRRs form an NB-ARC-dependent oligomeric complex once activated, leading to proximity-induced dimerization of the TIR domain and activation of defense pathways. This hypothesis is consistent with the finding that RPP1-WsB autoactive TIR domain phenotype depends on the presence of a dimeric form of GFP fused to its C-terminal extremity (Krasileva et al., 2010) .
Some NB-LRR plant resistance proteins contain a coiled-coil (CC) or an uncharacterized domain instead of the TIR domain. However, characterization of the potato virus resistance protein Rx provided some evidence that the NB domain and not the CC domain functions as the signaling domain (Rairdan et al., 2008) . However, Maekawa et al. (2011) recently solved the 3D structure of the CC domain of the barley MLA protein conferring resistance to powdery mildew. This revealed a homodimeric association of the CC domain which was required for cell death activity of an autoactive MLA mutant. Thus dimerization of N-terminal domains may be a critical event in signaling by both CC and TIR-NB-LRR resistance proteins.
We have identified important regions of the L6 TIR domain that are involved in self-association, signaling, and autoregulation, and have provided clues to how resistance protein activation is linked to induction of signaling. These data are consistent with a model (Figure 6 ) in which resistance protein activation is driven by a conformational change of the NB-ARC domain upon pathogen perception, reversing the intramolecular negative regulation and leading to exposure of the TIR signaling domain. The latter becomes available for self-association and recruitment of other signaling partners. The identity of potential downstream signaling partners in plants remains unknown, and their identification will greatly enhance our knowledge of plant immunity.
EXPERIMENTAL PROCEDURES
Vectors and Constructs L6 TIR domain site-directed mutants were generated with the Gene-Tailor kit (Invitrogen) according to the manufacturer's instructions. The R73A, S129A, Y156A, D159A, and P160Y mutations were generated separately in L6 cDNA and genomic fragments and inserted by restriction cloning into the pGBT9-L6 and pGADT7-L6 vectors (Dodds et al., 2006) for yeast two-hybrid assays or the pTNL6DEB binary vector containing a 9 kbp L6 genomic fragment (Ellis et al., 1999 ) with a C-terminal triple hemagglutinin (HA) tag for in planta assays. Other yeast two-hybrid and transient expression plasmids were constructed by Gateway cloning (GWY; Invitrogen). PCR products flanked by the attB sites were recombined into pDONR207 (Invitrogen) and then into corresponding destination vectors. Gateway-compatible yeast two-hybrid vectors based on pGADT7 and pGBKT7 (Clontech) were kindly provided by Laurent Deslandes (INRA Toulouse, France). L6-YFP fusions were generated by insertion into the Gateway binary vector pAM-PAT-35 s-GWY-YFPv (Bernoux et al., 2008) . In the absence of a recognized effector protein, intramolecular interactions keep the protein in a resting conformation where the TIR domain dimerization interface is not exposed. Upon activation, negative regulation is released, probably through nucleotide exchange in the NB domain, and conformational change exposes the TIR domain for homodimerization and the TIR domain signaling interface for interaction with signaling proteins. This induces a signaling cascade leading to innate immunity. Autoactive variants, such as the MHV mutant (contains a D-to-V mutation in the MHD motif in the ARC2 subdomain) or the TIR domain alone, circumvent the need for effector recognition.
Primer sequences used to generate L6 constructs are shown in the Supplemental Experimental Procedures. Mutations were introduced directly in the plant expression plasmids pAM-PAT-35 s-L6 1-233 -YFPv or in the pENTR-L6 and then recombined in the yeast two-hybrid Gateway destination vectors.
Transient Expression and Yeast Two-Hybrid Assays
Agrobacterium tumefaciens cells were grown for 36 hr at 28 C in LB media containing appropriate antibiotic selections. Cells were pelleted, resuspended in infiltration medium (10 mM MgCl 2 , 200 mM acetosyringone), adjusted to OD 600 = 1, and incubated for 2 hr at room temperature. Resuspended cells were infiltrated with a 1 ml needleless syringe into leaves of 3-week-old tobacco or 4-week-old flax (Hoshangabad) plants. Transgenic W38 tobacco expressing AvrL567-A was described by Dodds et al. (2004) . Yeast transformation and growth assays were performed as described in the Yeast Protocols Handbook (Clontech).
Immunoblot Analysis
Yeast proteins were extracted by the trichloroacetic acid method (Yeast Protocols Handbook). Plant proteins were extracted by grinding two flax leaves collected 3 days after agroinfiltration in loading buffer. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes (Pall). Membranes were blocked in 5% skim milk and probed with anti-GFP, anti-HA, or anti-Myc mouse monoclonal antibodies (Roche), followed by goat anti-mouse antibodies conjugated with horseradish peroxidase (Pierce). Labeling was detected with the SuperSignal West Pico chemiluminescence kit (Pierce). Membranes were stained with amido black for protein loading.
Production and Purification of L6TIR
The L6 TIR domain (residues 29-229) and mutant derivatives were expressed in E. coli BL21(DE3) cells and purified by Ni affinity chromatography followed by TEV protease cleavage and gel filtration as described (Ve et al., 2011) . The resulting proteins contain three additional residues (SNA) at the N terminus and were stored at 6 mg/ml at À80 C.
Crystallization and Structure Solution
Crystals were obtained by hanging-drop vapor diffusion after 4-5 days by mixing 1 ml of protein solution with 1 ml of reservoir containing 36% PEG 200, 0.1 M sodium acetate (pH 5.2), and 10 mM hexammine cobalt(III) chloride. X-ray diffraction data were measured at the MX2 beamline of the Australian synchrotron using the Blu-Ice software (McPhillips et al., 2002) , and were processed and scaled using XDS (Kabsch, 2010) and Scala (CPP4, 2003) , respectively. The structure was solved by molecular replacement using Phaser (McCoy et al., 2007) and the AtTIR structure (PDB ID 3JRN; Chan et al., 2010) as a template. Automatic model building was performed with ARP/WARP (Langer et al., 2008) within the CCP4 package. The resulting model was refined with data between 19.3 and 2.3 Å using Phenix (Adams et al., 2010) , and iterative model building between refinement rounds was carried out in Coot (Emsley and Cowtan 2004) . Structure validation was performed using MolProbity . Coordinates and structure factors have been deposited in the Protein Data Bank with the ID 3OZI. Structure analysis was done with Coot and PyMOL (http://www.pymol.org/; DeLano Scientific LLC). Molecular models of the TIR domains from L7, RPS4, and N were built using the L6TIR structure as the template with the program Modeler (Eswar et al., 2006) .
Multiangle Laser Light Scattering and Size-Exclusion Chromatography MALLS coupled with size-exclusion chromatography was performed using a Dawn Heleos II 18-angle light-scattering detector coupled with an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA, USA) and combined inline with a Superdex 200 10/300 size exclusion column (GE Healthcare). The L6TIR experiments were performed at room temperature at a flow rate of 0.5 ml/min in prefiltered (0.2 mm) 10 mM HEPES (pH 7.4) buffer with 1 mM DTT and various concentrations of NaCl (0-500 mM). The sample volume was 500 ml. Molecular mass calculations were performed using the Astra 5.3 software. Input of the refractive increment (dn/dc values) was set at 0.186 in the molecular mass calculations, based on the premise that dn/dc is constant for unmodified proteins (Wen et al., 1996) .
Analytical Ultracentrifugation
Sedimentation equilibrium AUC was performed with the protein at 0.5 mg/mL in 10 mM HEPES (pH 7.4), 150 mM NaCl in two-channel quartz-window sedimentation velocity cells in an XLA analytical ultracentrifuge (Beckman/Coulter). Two scans were performed at equilibrium (24 hr) at 12,000 and 18,000 rpm and 20 C, as well as scanned at 42,000 rpm to determine the baseline. Protein and buffer properties were calculated using the software Sednterp (John Philo, Alliance Protein Laboratories), and the data were analyzed using the software Sedphat v6.5 (Peter Shuck, NIH). The 12,000 rpm and 18,000 rpm data were fit globally together to a monomer-dimer equilibrium model. The baseline and concentration were floated for each experiment, with the best-fit baselines 0.0648 and 0.066 for the low-and high-speed experiments, respectively. 
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